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SUMMARY 

The e f f e c t s  o f  group delay d i s t o r t i o n  on an SMSK s a t e l l i t e  c o m u n i c a t l o n s  
channel have been inves t i ga ted .  Software and hardware s imulat ions have been 
used t o  determine the  e f f e c t s  o f  channel group delay v a r i a t i o n s  w i t h  frequency 
on t h e  b i t  e r r o r  r a t e  f o r  a 220 Mbps SMSK channel. These s imulat ions i n d i c a t e  
t h a t  group delay d i s t o r t i o n s  can s i g n l f i c a n t l y  degrade the  b i t  e r r o r  r a t e  per-  
formance. The s e v e r i t y  o f  the degradat ion i s  dependent on the amount, type, 
and s p e c t r a l  l o c a t i o n  o f  the group delay d i s t o r t i o n .  
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1. I N T R O D U C l  I O N  

Over the  pas t  seven years, work i n  advanced communications technology a t  
NASA Lewis Research Center has focused on Ka-band s a t e l l i t e  communications 
systems. l h e  i n t e n t  o f  t h i s  research i s  t o  improve the e f f i c i e n c y  o f  s a t e l l i t e  
communications systems through development o f  mult i-beam antenna systems, sat -  
e l l i t e  sw i t ch ing  and processing technology, TDMA networking concepts, cos t -  
e f f i c i e n t  ground terminals ,  improved modulat ion methods, and o the r  techniques. 
The work done a t  NASA Lewis, i n  a d d i t i o n  t o  sponsoring hardware development 
through con t rac ts  w i t h  i n d u s t r y ,  inc ludes system development, hardware t e s t i n g  
and c h a r a c t e r i z a t i o n ,  and labo ra to ry  exper imentat ion w i t h  systems designed and 
developed in-house. 

I n  the area o f  d i g i t a l  modulat ion technology, much work has been done by 
NASA Lewis i n  sponsoring the development o f  modulators and demodulators 
(modems) us ing s e r i a l  minimum s h i f t  keyed (SMSK) modulat ion.  This type o f  
modulat ion w i l l  a l s o  be used f o r  NASA's Advanced Communications Technology 
S a t e l l i t e  f l i g h t  p r o j e c t .  Charac te r i za t i on  o f  the performance o f  a s a t e l l i t e  
communications channel us ing SMSK modulat ion has thus been a s i g n i f i c a n t  p a r t  
o f  t he  in-house research program a t  L e w i s .  

' .  

The performance o f  such a s a t e l l i t e  communications channel i n  the pres- 
ence o f  group delay d i s t o r t i o n  I s  examined i n  t h i s  r e p o r t .  Using computer 
s imulat ions and measured r e s u l t s ,  the e f f e c t s  o f  var ious types o f  group delay 
d i s t o r t i o n s  a r e  analyzed and presented. 

2. SMSK MODULATION CONSIDERAT lONS 

Minimum- sh i f t - keyed  (MSK) modulat ion i s  a quadrature-type d i g i t a l  modula- 
t i o n  scheme where the  two data channels ( I  and Q channels, see f i g .  1)  a r e  
staggered by one-hal f  the b i t  ra te ,  bi-phase modulated, and weighted by a 
h a l f - s i n u s o i d .  The r e s u l t  i s  a modulat ion which performs s i m i l a r l y  t o  o the r  
quadrature modulat jons (such as quadrature-phase-shj f t  key ing (QPSK) and o f f s e t  



QPSK) i n  t h a t  the r a t i o  of energy per b i t  t o  no i se  power (Eb/No) requ i red  
t o  ma in ta in  a given b i t  e r r o r  r a t e  (BER) i s  i d e n t i c a l  ( r e f .  13).  The advantage 
o f  MSK compared t o  o the r  quadrature modulat ions i s  i t s  h ighe r  bandwidth e f f i -  
c iency.  SMSK modulat ion requ i res  a smal ler  amount of channel bandwidth t o  
t ransmi t  data a t  a g iven r a t e  than o the r  modulat ion techniques. For example, 
the 99 percent bandwidth ( t h e  amount o f  bandwidth which conta ins 99 percent  of 
the s i g n a l  energy) f o r  MSK i s  1.18 times the  b i t  r a t e  o f  t he  d i g i t a l  data be ing 
modulated, w h i l e  f o r  QPSK modulat ion, t he  99 percent  bandwidth i s  10.28 t imes 
the b i t  r a t e  ( r e f s .  3 and 2) .  This i s  due t o  t h e  f a c t  t h a t  MSK modulat ion 
conta ins a s i g n i f i c a n t l y  h igher  percentage o f  i t s  power near t h e  center  o f  i t s  
power spectrum, as demonstrated by the  f r a c t i o n a l  out-of-band power p l o t s  f o r  
PSK, QPSK, and MSK modulat ion shown I n  f i g u r e  2 ( r e f .  3). 

For the  reasons s ta ted  above, namely good Eb/No performance and 
bandwidth e f f i c i e n c y ,  MSK modulat ion i s  an impor tant  development i n  the  at tempt 
t o  improve the e f f i c i e n c y  o f  d i g i t a l  s a t e l l i t e  communication systems. NASA 
Lewis has sponsored the development o f  h igh  data r a t e  modulators and demodu- 
l a t o r s  us ing s e r i a l  MSK modulat ion. A t  h igh  data ra tes ,  problems w i t h  t i m e  
synchronizat ion,  and ma in ta in ing  ampl i tude and phase quadrature make t h i s  
a l t e r n a t e  method o f  MSK modulat ion more a t t r a c t i v e .  F igu re  3 shows a b lock 
diagram o f  a ser ia l ly- implemented MSK modulator where the  data i s  bi-phase 
modulated s e r i a l l y  and then covered t o  an MSK format by a bandpass conversion 
f i l t e r  w i t h  a s i n  (x)/x-shaped t r a n s f e r  f u n c t i o n  ( r e f .  1 3 ) .  This f i l t e r  i s  
o f f s e t  from the  center frequency by one- fou r th  o f  t he  data r a t e .  This r e s u l t s  
i n  the  c a r r i e r  appearing a t  one - fou r th  the data r a t e  below the center  frequency 
of the modulat ion spectrum. A comparison o f  f i g u r e s  1 and 3 shows the r e l a t i v e  
s i m p l i c i t y  o f  the s e r i a l  minimum s h i f t  keyed (SMSK) implementation. 

The SMSK modulators and demodulators b u i l t  under the NASA-sponsored pro-  
gram operate a t  a data r a t e  o f  221.184 Mbps. A s  shown i n  f i g u r e  4, the main 
lobe o f  the SMSK power spectrum a t  t h i s  data r a t e  1 s  330 MHz wide. Good BER 
performance can be obtained i n  a bandl imi ted system by t r a n s m i t t i n g  on ly  t h i s  
main lobe, as w i l l  be shown l a t e r .  The 330 MHz bandwidth i s  used f o r  a l l  s i m -  
u l a t i o n s  and measurements descr ibed i n  t h i s  r e p o r t .  

3. S I T E  SAl€LLI?E COMMUNICATION SYSlEN SIMULATOR 

The i n v e s t i g a t i o n  o f  t he  e f f e c t s  o f  group delay d i s t o r t i o n  i n c l u d e  meas- 
urements made i n  t h e  NASA Lewis Systems I n t e g r a t i o n ,  Test and Eva lua t i on  (SITE) 
Laboratory. I n  the S I T E  Lab, a hardware-based s a t e l l i t e  communication system 
l i n k  s imulator  has been const ructed us ing Ka-Band communication system hardware 
developed by a v a r i e t y  o f  con t rac to rs  under NASA-sponsored technology develop- 
ment programs. Figure 5 descr ibes the system, which inc ludes s a t e l l i t e  
rece ive rs ,  power a m p l i f i e r s ,  a microwave m a t r i x  switch,  t he  SMSK modems 
descr ibed above, and ground te rm ina l  upand down-converters. The r e s t  o f  t h e  
hardware shown i n  the diagram (no ise  i n s e r t i o n ,  data generators and checkers, 
and c o n t r o l  computer) a re  the r e s u l t  o f  in-house developments. 

The i n t e n t  o f  the S I T C  s a t e l l i t e  system s imu la to r  i s  t o  p rov ide  a t e s t  
bed f o r  a v a r i e t y  o f  d i g i t a l  s a t e l l i t e  communication system measurements and 
experiments. Since a l l  o f  the hardware used has been designed t o  meet s a t e l -  
l i t e  system requirements, the s imulator  provides a r e a l  environment f o r  
observing many of the e f f e c t s  o f  an opera t i ona l  system. Under computer con- 
t r o l ,  the system i s  capable o f  performing a v a r i e t y  o f  automated BER and 
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unmodulated continuous wave (CW) measurements (ref. 19). In particular, the 
group delay and BER versus 
formed using this system. 

Eb/No measurements described below are per- 

The hardware comprising the SITE satellite communication system simulator 
allow a large number of system variations to be obtained. 
power amplifiers are available, a traveling wave tube amplifier (TWTA) and a 
solid state (GaAsFET) amplifier. 
modes. In addition, the matrix switch contains 66 populated crosspoints, each 
with different transmission characteristics. All of the components have been 
designed to operate over a bandwidth of 2.5 GHz,  allowing a number of 330 MHz 
SMSK channels to be obtained. 

Two satellite high 

The TWTA can be operated in three power 

In all of the SITE testing to date, the following combinations of condi- 
tions have been set. 

( 1 )  The TWTA is operated in each of the three power modes. 
(2) lhe TWTA and GaAsFET are operated at saturation, the 1 dB power 

(3) Three frequency bands (or channels), as defined in figure 6, are 

(4) One primary matrix switch crosspoint and one 4 x 4  block of crosspoints 

compressjon point, and in the linear region. 

used for testing. 

(to be used in dynamic switching tests) are used for testing, for a total of  
17 crosspoints. 

This leads to a total of 612 possible test combinations. Only a portion of 
this total is used for the tests described in this report. 

4. MEASUREMEN1 OF SYSTEM GROUP DELAY 

In order to determine the magnitude and type of group delay variations 
which might be expected In a 30/20 GHz satellite communication system, group 
delay measurement techniques were developed and applied to the SITE 30/20 GHz 
communication system simulator. The measurement technlque used, and the 
results of measurements made on the SITE system are described in the following 
paragraphs. It should be noted that the SITE simulator does not include the 
effects of signal propagation over a 22 400 mile satellite upand downlink from 
geosynchronous orbit. The group delay measurements made reflect only the dis- 
tortions caused by the satellite transponder and ground terminal hardware. 

4.1 MEASUREMtNT TECHNIQUE 

The group delay of a system is defined as .the negative o f  the derivative 
o f  the phase o f  the system with respect to frequency (ref. 3), as shown in 
figure 7. 

where 

Td group delay 
(4 the system phase at frequency w 
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Thus, t he  group delay i s  a measure o f  t h e  l i n e a r i t y  o f  t h e  system's phase 
response. 
causes no transmission d i s t o r t i o n  i n  the system. Group delay can t h e r e f o r e  be 
an impor tant  parameter i n  determin ing the  t ransmiss ion q u a l i t y  o f  a system. 

A l i n e a r  phase response (corresponding t o  a constant  group delay)  

The simplest  and most d i r e c t  method f o r  measuring the  end-to-end system 
group delay i s  t o  measure the  phase s h i f t  f rom system i n p u t  t o  system output ,  
us ing a microwave network analyzer,  f o r  a number o f  f requencies across the 
passband o f  i n t e r e s t .  The group delay can be de r i ved  f rom the  phase measure- 
ments by c a l c u l a t i n g  the s lope between phase p o i n t s  ( f i g .  7 ) .  This d i r e c t  
method i s  w e l l  su i ted  t o  devices and systems which do n o t  per form frequency 
t r a n s l a t i o n s .  Unfor tunate ly ,  i n  the  S I T E  s i n g l e  channel transponder, a number 
o f  frequency t r a n s l a t i o n s  a re  performed (as shown i n  f i g .  5)  us ing  o s c i l l a t o r s  
t h a t  a re  not phase-locked t o  one another. The i n s t a b i l i t y  and frequency d r i f t  
o f  the var ious o s c i l l a t o r s  r e s u l t s  i n  a system output  s i g n a l  t h a t  i s  va ry ing  
i n  frequency w i t h  respect t o  the  i n p u t  s ignal :  Such v a r i a t i o n s  prevent  an 
accurate phase s h i f t  measurement. 

An a l t e r n a t e ,  i n d i r e c t  method o f  group delay measurement, which i s  n o t  
a f f e c t e d  by frequency t r a n s l a t i o n s ,  was found t o  be a p p l i c a b l e  t o  the  S I T E  
system. I n  t h i s  method, a CW t e s t  s i g n a l  i s  ampl i tude modulated and passed 
through the  system under t e s t .  
envelope i s  measured f r o m  system i n p u t  t o  output  and i s  mathematical ly r e l a t e d  
t o  the group delay (Appendlx A l )  by 

The phase s h i f t  o f  t he  detected ampl i tude 

Qe 
Td = (360" x fm)  

where 

Td group delay i n  sec 
Qe 
f m  modulat ion frequency i n  Hz 

modulat ion phase s h i f t  i n  deg 

I n  implementing t h i s  equation, i t  i s  noted t h a t  the modulat ion frequency 
represents a "window" o f  w id th  2 f m  over which the group delay measurement 
i s  e s s e n t i a l l y  being averaged ( f i g .  8 and appendix A l ) .  Thus, accurate meas- 
urements requ i re  t h a t  f m  be kept  as small  as poss ib le .  Reducing fm, 
however, has the e f f e c t  o f  reducing the  r e s o l u t i o n  o f  t he  dev ice measuring the 
envelope phase s h i f t .  For example, choosing f m  = 1 MHz gives an inst rument  
r e s o l u t i o n  o f  2.778 nsec o f  group delay per degree o f  phase s h i f t .  f m  = 10 MHz 
gives 0.2778 nsec/deg. Since the group delay measurements w i l l  be made over a 
channel bandwidth o f  330 MHz, the measurement window can be several  MHz wide 
and s t i l l  g i v e  a measurement frequency r e s o l u t i o n  o f  about 0.01 o f  t he  measure- 
ment bandwldth. The r e s o l u t i o n  o f  the phase meter used t o  measure the  envelope 
phase s h i f t  (Hewlett-Packard 8405A Vector Vol tmeter)  i s  0.1" ( r e f .  5 ) .  Thus, 
a good compromise between measurement window w i d t h  and measurement r e s o l u t i o n  
i s  t o  choose f m  = 2.778 MHz. Th is  choice has the a d d i t i o n a l  b e n e f i t  o f  
g i v i n g  a d i r e c t  phase meter reading o f  1" o f  envelope phase s h i f t  equal t o  
1 nsec o f  group delay.  

l h e  group delay measurement method descr ibed above i s  . u s u a l l y  performed 
i n  a swept frequency fashion, w i t h  the group delay ( f r o m  t h e  phase m e t e r  out -  
p u t )  p l o t t e d  on an X-Y  recorder vs. frequency. Such measurements a re  d i f f i c u l t  
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t o  assess accurate ly ,  s ince t h e  absolute value af the  measurement I s  dependent 
upon p r e v i o u s l y  drawn c a l i b r a t i o n  curves which o f t e n  have l a r g e  v a r i a t i o n s  
f rom l i n e a r i t y .  The measurement i s  g r e a t l y  improved by adding a d i g i t a l  v o l t -  
meter and c o n t r o l  computer t o  the measurement setup. 

F igu re  9 shows the f i n a l  c o n f i g u r a t i o n  f o r  t he  group delay measurement. 
The c o n t r o l  computer steps t h e  CW s ignal  source through a number o f  f requencies 
across the  passband o f  i n t e r e s t .  The ampl i tude modulat ion i s  provided by a 
P I N  diode sw i t ch  and the  envelope i s  detected a t  t h e  system output  w i t h  a 
c r y s t a l  de tec to r .  The phase s h i f t  between the  t e s t  s i g n a l  ( f r o m  the  d e t e c t o r )  
and the  reference s i g n a l  ( f r o m  the 2.778 MHz modulat ion source) i s  measured by 
the  vec to r  vo l tmeter .  
output  p r o p o r t i o n a l  t o  the measured phase s h i f t .  Th is  vo l tage  i s  read by the  
d i g i t a l  vo l tmeter  and i s  made a v a i l a b l e  t o  the  c o n t r o l  computer. The c o n t r o l  
computer converts t h i s  vo l tage  reading t o  a group delay measurement a t  the 
frequency o f  the CW s i g n a l  source. A c a l i b r a t i o n  measurement i s  made by 
removing t h e  system under t e s t  f rom the measurement setup. The computer s tores 
t h i s  c a l i b r a t i o n  data and sub t rac ts  i t  from the measured data as the  measure- 
ment i s  be ing made on the system. This gives a co r rec ted  group delay measure- 
ment. I n  a d d i t i o n ,  m u l t i p l e  measurements can be made a t  a g iven frequency and 
averaged t o  reduce the e f f e c t s  o f  system noise on the  measurement accuracy. 

The vector  vo l tme te r ' s  phase meter provides a vo l tage  

The group delay measurement system gives r e s u l t s  t h a t  a re  accurate t o  
w i t h i n  t 2 . 5  nsec. Measurement accuracy considerat ions a re  discussed i n  
appendix A1 . 

4.2 RESULTS 

A t y p i c a l  p l o t t e d  output  o f  t h e  group delay measurement computer program 
i s  shown i n  f i g u r e  10. Table 1 summarizes the  r e s u l t s  o f  group delay measure- 
ments on the  S I T E  s a t e l l i t e  communication system s imu la to r  f o r  72 se lected 
cases. The 72 cases represent a sample o f  the 612 t e s t  combinations descr ibed 
i n  s e c t i o n  3, w i t h  roughly equal samples of a l l  a m p l i f i e r s ,  power modes, f r e -  
quency bands, and crosspoints .  The measurement r e s u l t  l i s t e d  i s  the maximum 
peak-to-peak d e v i a t i o n  i n  the 330 MHz band, measured as i n d i c a t e d  i n  f i g u r e  10. 

As  Table I shows, the average group delay v a r i a t i o n  f o r  the 72 samples i s  
4.72 nanaoseconds, w i t h  a standard dev ia t i on  o f  3.70 nsec. The shape o f  the 
measured group delay curves var ies g r e a t l y  from sample t o  sample. I n  general ,  
though, they can be character ized as cornbinations o f  one o r  more o f  the f o l -  
lowing shapes: l i n e a r  s lope ( p o s i t i v e  o r  negat ive) ,  exponent ia l  slope ( e i t h e r  
a concave o r  convex pa rabo l i c  shape), p o s i t i v e  o r  negat ive 'Ispike," and non- 
p e r i o d i c  r i p p l e .  Near ly a l l  o f  the samples have some small  amount ( u s u a l l y  
l e s s  than 1 nsec) o f  nonper iodic r i p p l e  combined w i t h  one o r  more o f  t he  o the r  
shapes. 

The general shapes mentioned above form the bas is  f o r  t he  computer 
s imulat ions descr ibed i n  sec t i on  5. 

5.0 COMPUTER SIMULATION OF GROUP DELAY E F F E C l S  

A s imu la t i on  o f  the e f f e c t s  o f  c e r t a i n  types o f  group delay d i s t o r t i o n s  
was performed us ing a computer program a v a i i a b i e  ana i n  use a t  NASA Lewis 
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called the Channel Model Simulation Program (CMSP). The CMSP models a satel- 
lite communications channel and allows the effects of numerous transmission 
impairments and configurations to be observed. 

The purpose of the computer simulation was to observe the effects of group 
delay distortion on the BER of an SMSK digital satellite communication channel. 
The output of the simulation was a number of BER versus 
resenting the performance of an SMSK channel under various group delay distor- 
tions. These curves indicate the general trends of the distortion effects and 
are not intended to be quantitative measurements of the degradation caused by 
group delay distortion. Numerous other transmission impairments which occur 
in a real system, such as nonlinearities, phase noise, amplitude distortion, 
and AM/PM conversion, are not taken into account. All of these distortions, 
as well as the interaction between them, have an effect on the system per- 
formance (refs. 17 and 18). The difficulty in accurately measuring and mod- 
eling these other effects makes it unrealistic to attempt to do so within the 
scope of the work reported here. Thus, group delay distortion is the only 
distortion modeled i n  the simulations. The distortions used are those observed 
to exist in the S I T E  communications system simulator, described in section 4.2. 

Eb/No curves rep- 

5.1 CMSP DESCRIPTION 

The CMSP is designed to simulate the performance of a digital satellite 
communications link. The primary program output is a calculation of the 
probability of bit error as a function of Eb/No for a given link 
configuration. 

The program performs the simulation based on a sampled time domain repre- 
sentation of the transmitted signals and the transformations the signals under- 
go as they pass through the modeled system. The system model must include a 
transmitter (modulator) and receiver (demodulator), and may also include fil- 
ters, nonlinear elements, noise insertion, interference, and satellite on- 
board processing. The simulation configuration capabilities are shown in 
figure 1 1  (from ref. 16). 

The configuration used for the group delay simulations include a trans- 
mitter (random data source with no coding and SMSK modulator), filter 7 (see 
fig. C1) through which the group delay distortion was introduced, and the 
receiver (SMSK demodulator and data detector). A completely linear channel 
was modeled, and none of the other system options were exercised. The program 
options allow the user to simulate any type of filter, whether or not it is 
physically realizable, by specifying a frequency sampled amplitude and phase 
response. In this way, a filter with a flat amplitude response and distorted 
group delay response was specified as part o f  the simulation in order to 
observe only the effects of the group delay distortion. 

5.2 GROUP DELAY PROFILES 

Eleven group delay distortions were simulated. The profiles o f  these 
distortions as plotted over the 330 MHz bandwidth are shown in figure 12. 
Linear slope (positive and negative), exponential slopes (convex and concave- 
shaped parabolic), ripple, spikes at the center of the band (positive and 
negative), and spikes varied i n  spectral location across the band (positive 
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and nega t i ve )  were s imulated, p a r a l l e l i n g  t h e  types o f  group delay d i s t o r t i o n s  
measured i n  the  S I T E  s a t e l l i t e  communications system s imulator .  The f i r s t  
p r o f i l e  i s  a f l a t  ( d i s t o r t i o n l e s s )  group delay, used as an experiment c o n t r o l .  

Each o f  t he  group delay d i s t o r t i o n s  was modeled i n  one nanosecond i n c r e -  
ments, w i t h  the  d i s t o r t i o n  i nc reas ing  u n t i l  severe degradat ion o f  the BER was 
observed. Severe degradat ion i s  considered t o  be an increase o f  a t  l e a s t  8 dB 
i n  the  Eb/No requ i red  t o  ma in ta in  a BER o f  5x10-7. 

I n  order  t o  model t h e  group delay d i s t o r t i o n s ,  they f i r s t  must be con- 
ver ted t o  phase samples. This i s  done by i n t e g r a t i n g  the group delay t o  o b t a i n  
the  phase s h i f t ,  as shown i n  f i g u r e  13. The measured group delay samples 
( rep resen t ing  the s lope o f  t he  phase response).are f i r s t  converted t o  phase 
s h i f t s  by m u l t i p l y i n g  the group delay by the  measurement i n t e r v a l .  The average 
phase s h i f t  between i n t e r v a l s  i s  added t o  the  previous phase p o i n t  t o  y i e l d  a 
s e t  o f  phase s h i f t  p o i n t s  which correspond t o  the  des i red group delay d i s t o r -  
t i o n  and can be used f o r  t he  f i l t e r  phase response i n  the CMSP s imulat ion.  
7he phase responses a re  shown i n  f i g u r e  12 w i t h  the  corresponding group delay 
p r o f  i l e s .  

5.3 CMSP EXECUTlON 

The c o n s t r u c t i o n  o f  a CMSP i n p u t  data s e t  f o r  the group delay d i s t o r t i o n  
s i m u l a t i o n  i s  descr ibed i n  appendix A2. Once an i n p u t  data se t  has been con- 
s t r u c t e d  and i d e n t i f i e d ,  t he  s imu la t i on  program can be executed. The r e s u l t  
i s  an ou tpu t  o f  a t a b l e  o f  BER versus 
t h e o r e t i c a l ,  o r  i d e a l ,  SMSK curve i s  a l s o  g iven by the CMSP. 

Eb/No, as shown i n  f i g u r e  15. The 

One impor tant  parameter t h a t  a f f e c t s  the  c a l c u l a t e d  BER r e s u l t s  i s  t he  
r e c e i v e r  phase o f f s e t .  The rece ive r  and t r a n s m i t t e r  a re  i n i t i a l l y  phase- 
locked. The phase o f f s e t  a l lows a compensation f o r  t he  phase d i s t o r t i o n s  
in t roduced i n t o  the s imulated channel. Since the optimum phase o f f s e t  va r ies  
( f r o m  0 t o  2 w rad)  f o r  each d i s t o r t i o n  s imulated, an average o f  about 10 
i t e r a t i o n s  a re  requi red t o  f i n d  the optimum phase o f f s e t  f o r  each s imu la t i on .  

5.4 RESULTS 

The pr imary output  o f  the CMSP i s  a t a b l e  o f  BER versus Eb/No. A 
computer program c a l l e d  "BERPLOT" was developed i n  s tore,  analyze, and p l o t  
BER versus 
measurements descr ibed l a t e r  i n  t h i s  r e p o r t .  The program y i e l d s  a p l o t  o f  the 
BER versus Eb/No data, as shown i n  f i g u r e  16 f o r  the p o s i t i v e  group 
delay s lope s imulat ions.  F igu re  16 demonstrates the e f f e c t  t h a t  a va ry ing  
group delay s lope has on the system's c h a r a c t e r i s t i c  BER curve. 
i t  can be seen t h a t  an increase o f  t h e  group delay s lope r e s u l t s  i n  the BER 
curve moving t o  the r i g h t  on the  p l o t .  This corresponds t o  a poorer system 
response s ince a l a r g e r  Eb/No i s  requi red t o  ma in ta in  a g iven BER. A 
q u a n t i t a t i v e  measure o f  the magnitude o f  the system degradat ion caused by the 
group delay d i s t o r t i o n  i s  the Eb/No requ i red  t o  ma in ta in  a g iven BER as 
compared t o  the t h e o r e t i c a l  SMSK curve. This degradat ion can be p l o t t e d  
aga ins t  the magnitude o f  the group delay d i s t o r t i o n ,  us ing the BERPLOT program, 
t o  g i v e  a c l e a r  p i c t u r e  o f  the e f f e c t s  o f  the d i s t o r t i o n  on the system BER. 
The standard BER chosen f o r  comparison i n  t h i s  r e p o r t  i s  5x10-7. 

Eb/No data r e s u l t i n g  f r o m  the  CMSP s imulat ions and from BER 

For example, 
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The Eb/No a r e  ca l cu la ted  us ing a l i n e a r  i n t e r p o l a t i o n  between p o i n t s .  The 
Eb/No f o r  the t h e o r e t i c a l  curve I s  c a l c u l a t e d  and subtracted f rom the  
Eb/No f o r  t he  s imu la t i on  curve, r e s u l t i n g  i n  an Eb/No degradat ion measure- 
ment. Examples o f  such curves a r e  f i g u r e s  17  t o  22. 

The r e s u l t s  o f  the group delay d i s t o r t i o n  s imu la t i ons  show a number o f  
e f f e c t s .  Both the magnitude and s p e c t r a l  l o c a t i o n  o f  a g iven d i s t o r t i o n  were 
found t o  be important i n  terms o f  t he  degradat ion observed. 
degradat ions a re  p l o t t e d  i n  f i g u r e s  1 7  through 22 f o r  t h e  f l a t ,  l i n e a r  slope, 
e x p o t e n t i a l  (pa rabo l i c ) ,  spike,  and r i p p l e  group delay d i s t o r t i o n s .  These 
r e s u l t s  a re  now explained. 

The Eb/No 

The experiment c o n t r o l  app l i ed  t o  these s imu la t i ons  was a f l a t  group 
delay.  
Therefore, p lac ing  a f l a t  group delay i n  f i l t e r  7 f o r  t h e  CMSP s i m u l a t i o n  
should i d e a l l y  r e s u l t  i n  no Eb/No degradat ion.  Such a s i m u l a t i o n  was per-  
formed us ing f l a t  group delays ranging f r o m  0 t o  10 nsec i n  1 nsec steps. The 
r e s u l t i n g  
p l o t t e d  i n  f i g u r e  17. As  expected, the f l a t  group delay caused very l i t t l e  
Eb/No 
-0.14 t o  t0.20 dB). A t  10 nsec, the s imu la t i on  was apparent ly  no longer a b l e  
t o  compensate f o r  the l a r g e  a d d i t i o n a l  phase s h i f t  (amounting t o  37 rad a t  the 
l a s t  frequency sample) being in t roduced i n t o  the  channel. The c o n t r o l  exper i -  
ment r e s u l t s  i n d i c a t e  t h a t  f o r  phase s h i f t s  l e s s  than 37 rad, the CMSP i s  
p r o v i d i n g  a reasonably good s imulat ion.  The on ly  d i s t o r t i o n  s imulated i n  which 
a l a r g e r  phase s h i f t  was in t roduced was the  convex p a r a b o l i c  group delay (above 
1 7  nsec). 

A s  explained i n  sec t i on  4.1, a f l a t  group delay presents no d i s t o r t i o n .  

Eb/No degradat ion a t  a BER o f  5x10-7 f o r  t h e  11 s imulat ions I s  

v a r i a t i o n  from the 0 nsec group delay curve ( t h e  v a r i a t i o n  was from 

I n  f i g u r e  18, the r e s u l t s  o f  p o s i t i v e  and negat ive l i n e a r  s lope group 
The p o s i t i v e  slope in t roduces a delay d i s t o r t i o n  s imulat ions a r e  p l o t t e d .  

much l a r g e r  degradat ion than the  negat ive slope. For example, f o r  a 5 nsec 
slope, the negat ive slope degrades the performance by 2 dB w h i l e  the  p o s i t i v e  
s lope degradation i s  5 dB. This d i f f e r e n c e  can be accounted f o r  by the shape 
o f  the phase s h i f t  being added i n  the s imu la t i on .  F igure 12 shows t h a t  t he  
negat ive s lope adds a phase s h i f t  which tends t o  reduce the slope o f  t he  over- 
a l l  system phase response, w h i l e  the p o s i t i v e  s lope adds a phase s h i f t  which 
increases the slope o f  the system phase response. 

The parabol ic  and inve rse  pa rabo l i c  ( o r  concave and convex) group delay 
d i s t o r t i o n s  a re  shown i n  f i g u r e  12.  The inve rse  pa rabo l i c  d i s t o r t i o n  was 
expected t o  cause a greater  system Eb/No 
group delays (and corresponding phase s h i f t s )  occur a t  the center  o f  the band, 
where most o f  the s i g n a l  power i s  concentrated. The pa rabo l i c  group delay 
d i s t o r t i o n  has the  h ighest  group delays (and phase s h i f t s )  occur ing a t  the 
band edges, where very l i t t l e  s igna l  power e x i s t s .  F igure 19 conf i rms t h i s  
expected r e s u l t ,  showing a much g rea te r  degradat ion caused by the  i nve rse  
pa rabo l i c  group delay than by the pa rabo l i c  group delay.  The channel becomes 
unusable a t  a inverse pa rabo l i c  group delay o f  1 4  nsec, w h i l e  f o r  the pa rabo l i c  
group delay, the channel can t o l e r a t e  24 nsec. I t  i s  a l s o  i n t e r e s t i n g  t o  note 
t h a t  a pa rabo l i c  group delay i s  o f t e n  seen i n  channel bandpass f i l t e r s .  This 
s imu la t i on  demonstrates the h i g h  to le rance  of t he  SMSK modulat ion t o  such f i l -  
t e r  d i s t o r t i o n .  

degradat ion s ince the  l a r g e s t  

I n  f i g u r e  20, the r e s u l t s  f o r  a p o s i t i v e  and negat ive group delay spike,  
p laced a t  the center o f  the frequency band, a r e  shown. The p o s i t i v e  sp ike 
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causes over 7 dB g rea te r  degradat ion than the  negat ive sp ike a t  a sp ike 
ampl i tude of 4 nsec, w h i l e  f o r  a negat ive spike, 12 nsec was requi red.  F ig-  
u r e  12 shows the  phase response f o r  the p o s i t i v e  and negat ive spikes.  
phase d i s t o r t i o n  i s  much more abrupt  f o r  t he  p o s i t i v e  sp ike than f o r  t he  neg- 
a t i v e  sp ike.  

The 

A f t e r  examining t h e  r e s u l t s  o f  the center  frequency sp ike s imulat ions,  a 
3 nsec p o s i t i v e  sp ike and 7 nsec negat ive sp ike (bo th  y i e l d i n g  a 4 dB Eb/No 
degradat ion f r o m  t h e o r e t i c a l )  were moved across the  e n t i r e  330 MHz band i n  ten  
steps. The r e s u l t s  o f  these s imulat ions a re  p l o t t e d  i n  f i g u r e  21. The degra- 
d a t i o n  due t o  the  p o s i t i v e  sp ike remains constant  over most o f  the band, w i t h  
one maximum occu r r i ng  a t  about 55  MHz above t h e  center frequency. The neg- 
a t i v e  sp ike has two maxima, one occurr ing a t  55 MHz below the center  frequency 
and the  other  a t  about 55 MHz above the center  frequency. For  MSK-type modu- 
l a t i o n ,  the instantaneous frequency t ransmi t ted  when a se r ies  o f  a l l  1 ' s  o r  
a l l  0 ' s  i s  modulated i s  one f o u r t h  the b i t  r a t e  below the center  frequency, 
w h i l e  the  instantaneous frequency when a 1-0-1-0 ... se r ies  i s  modulated i s  one 
f o u r t h  the b i t  r a t e  above the  center  frequency ( r e f .  13). For modems opera t i ng  
a t  220 Mbps, one f o u r t h  the data r a t e  equals 55 MHz. Thus the e f f e c t  o f  the 
group delay spikes o c c u r r i n g  near these frequencies i s  t o  h inder  the  c o r r e c t  
demodulat ion when consecut ive b i t s  are the  same ( f o r  t he  case o f  spikes around 
55 MHz below the center  frequency) or when consecut ive b i t s  a re  d i f f e r e n t  ( f o r  
the case o f  spikes around 55 MHz above the center  frequency). 

The f i n a l  group delay d i s t o r t i o n s  s imulated were a p e r l o d i c  r i p p l e  and a 
nonper lod lc  r l p p l e ,  as shown I n  f l g u r e  12. The r e s u l t s  o f  these s imulat ions 
a re  p l o t t e d  i n  f i g u r e  22. The pe r iod l c  r i p p l e  caused a r a p i d  degradat ion i n  
the Eb/No, w i t h  no more than 2 nsec o f  d i s t o r t i o n  t o l e r a b l e  by the channel. 
The non-per iod ic  d i s t o r t i o n  was less  severe, w i t h  up t o  5 nsec being t o l e r a t e d  
before the channel was completely degraded. I n  examining f i g u r e  12 again, i t  
i s  seen t h a t  the pa rabo l i c  r i p p l e  introduces a d i s t o r t i o n  s i m i l a r  t o  the  pre-  
v i o u s l y  discussed negat ive spikes a t  55 MHz above and below the  center f r e -  
quency. A s  shown, d i s t o r t i o n s  a t  these frequencies cause severe degradat ion.  
The nonper iodic r i p p l e  a l s o  introduces d i s t o r t i o n s  s i m i l a r  t o  the p o s l t i v e  and 
nega t i ve  spikes, bu t  they a re  n o t  located e x a c t l y  a t  t he  c r i t i c a l  +55 MHz 
f requencies,  l ead ing  t o  a l ess  severe degradat ion.  

The f o l l o w i n g  conclusions can be drawn from the  group delay d i s t o r t i o n  
s imulat ions.  D i s t o r t i o n s  which occur near the center  o f  t h e  band, where m o s t  
o f  t he  modulated s igna l  power i s  located, cause more ser ious degradat ion o f  
the system than d i s t o r t i o n s  which occur a t  t he  band edges. The amount o f  
degradat ion I s  r e l a t e d  t o  t he  s e v e r i t y  o f  the phase s h i f t  r e s u l t i n g  f rom the 
group delay d i s t o r t i o n .  F i n a l l y ,  d i s t o r t i o n s  which occur near p l u s  o r  minus 
one- fou r th  the b i t  r a t e  from the  center frequency caused ser ious degradat ion 
t o  the SMSK channel. 

6.0 SYSTEM B I T - E R R O R  RATE MEASUREMENTS 

Measurements o f  the BER as a f u n c t i o n  o f  Eb/No have been performed 
on the SITE s a t e l l i t e  communication system s imulator ,  us ing measurement tech- 
niques descr ibed below. A sample o f  the r e s u l t s  o f  these measurements i s  g lven 
f o r  5 4  o f  the system c o n f i g u r a t i o n s  for which group delay measurement r e s u l t s  
were presented i n  s e c t i o n  4.2 (BER measurements w i th  the  GaAsF€l power ampl i -  
f i e r  were  no t  a v a i l a b l e  a t  the ttme t h i s  r e p o r t  was prepared). An examination 
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i s  made o f  t h e  apparent e f f e c t s  o f  t he  measured group delay on t h e  measured 
system BER performance. 

6.1 MEASUREMENT TECHNIQUE 

The measurement o f  BER versus Eb/No i s  accomplished under computer 
c o n t r o l ,  as shown i n  f i g u r e  5.  The computer c o n t r o l s  t h e  ground t e r m i n a l ' s  
da ta  generator and checker and no ise  i n s e r t i o n  hardware, and mon i to rs  the  
r e s u l t i n g  BER and E@,. 

Pseudo-random data a t  a r a t e  o f  220 Mbps 9 s  generated and sent t o  the  
modulator, f rom which an SMSK-modulated s i g n a l  centered a t  3.373 GHz i s  
obtained. Th is  s igna l  i s  rou ted  t o  ground te rm ina l  upconverters and s h i f t e d  
t o  the  des i red  frequency band. The s igna l  i s  then t ransmi t ted  through t h e  
s a t e l l i t e  transponder, where t h e  des i red  m a t r i x  sw i t ch  c rosspo in t  and HPA power 
mode and d r i v e  l e v e l  a r e  selected. The s i g n a l  then en ters  the  ground te rm lna l  
downconverter where i t  i s  t r a n s l a t e d  back t o  a center  frequency o f  3.373 GHz. 
Before e n t e r i n g  the  demodulator, Gaussian (wh i te )  no i se  i s  added t o  t h e  s igna l ,  
the  r e s u l t i n g  s lgna l  t o  no ise  r a t i o  i s  measured and t h e  corresponding energy- 
p e r - b i t  t o  noise r a t i o  (Eb/No) I s  ca l cu la ted .  
I s  then demodulated and t h e  r e s u l t i n g  220 Mbps b i t  stream i s  compared t o  a 
regenerated vers ion  o f  the  o r i g i n a l  data stream. The e r r o r s  a re  counted and 
the  b i t  e r r o r  r a t e  i s  ca l cu la ted .  The amount o f  no i se  added i s  va r ied  i n  1 dB 
increments, r e s u l t i n g  i n  a se t  o f  BER versus Eb/No da ta  which charac- 
t e r i z e  the performance o f  the p a r t i c u l a r  channel. 

The s i g n a l  w i t h  the  no ise  added 

6.2 RESULTS 

The r e s u l t s  o f  t he  sample o f  5 4  BER measurements a re  g iven i n  l a b l e  11. 
l h e  BEH parameter shown i s  the  degradat ion f rom the  t h e o r e t i c a l  
SMSK curve a t  a BER o f  5x10-7. l h e  average Eb/No degradat ion i s  2 .5  dB, 
rang ing  from 0.79 t o  7.15 dB. The degradat ion was less  than 1.5 dB i n  22 o f  
t he  cases, i n d i c a t i n g  t h a t  very good BER performance can be achieved by 
t r a n s m i t t i n g  only the  main lobe o f  the SMSK spectrum. 

I h e  e f f e c t  o f  the measured group delay d i s t o r t i o n  on the  mearured BER 
performance i s  d i f f i c u l t  t o  i d e n t i f y  p r e c i s e l y .  I n  f i g u r e  23, t he  Eb/No 
degradat ion i s  p l o t t e d  aga ins t  the  maximum peak-to-peak group delay v a r i a t i o n  
f o r  t he  54 cases. A s t r a i g h t  l i n e  f i t  t o  these p o i n t s  has been c a l c u l a t e d  t o  
be kb/No degradation f rom i d e a l  [dB] = 1.164 t 0.341 (group delay v a r i -  
a t i o n  [nsec ] ) ,  a t  BER = 5x10-7 and t h i s  l i n e  has been p l o t t e d  i n  f i g u r e  23. 
l h i r t y  o f  t he  54 p o i n t s  f a l l  w i t h i n  tl dB o f  t h i s  l i n e ,  w h i l e  26 o f  t he  p o i n t s  
a re  w i t h i n  t 2  nsec. The considerable s c a t t e r  o f  t he  p o i n t s  f rom the  c a l c u l a t e d  
l i n e  i n d i c a t e s  t h a t  a number o f  f a c t o r s  c o n t r i b u t e  t o  BER performance degrada- 
t i o n  besides the group delay. lhese f a c t o r s  l i k e l y  i n c l u d e  the  ampl i tude res-  
ponse, AM t o  PM conversion, n o n l i n e a r i t i e s ,  and no ise  and spur ious s igna ls  o f  
t he  system ( r e f .  18 ) .  I n  a d d i t i o n ,  the  group delay parameter used f o r  t h i s  
comparison, the maximum peak-to-peak v a r i a t i o n  over the  330 MHz band, does no t  
con ta in  any d e t a i l s  o f  t he  p a r t i c u l a r  group de lay  d i s t o r t i o n .  The s imu la t ions  
descr ibed i n  sec t ion  5 have i n d i c a t e d  the  importance o f  n o t  on l y  the magnitude 
b u t  a l s o  the  type and l o c a t i o n  o f  t he  group de lay  d i s t o r t i o n  i n  determining 
the  e f f e c t  o f  the d i s t o r t i o n  on the  BER performance. S t i l l ,  the  data i n  
t a b l e  I and 11, as por t rayed i n  f i g u r e  23, support t he  conc lus ion  t h a t  the  
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group delay d i s t o r t i o n  i n  an SHSK communications channel s i g n i f i c a n t l y  e f f e c t s  
t h e  BER performance, and t h a t  t he  performance degradat ion i s  r e l a t e d  t o  the  
magnitude of t he  d i s t o r t i o n .  

7.0 COMPARISON OF PREDICTED AND MEASURED RESULTS 

The measured BER performance o f  the S I T E  s a t e l l i t e  communications system 
s imu la to r  was compared w i th  the  CHSP-predicted performance f o r  t en  system 
c o n f i g u r a t i o n s .  The c o n f i g u r a t i o n s  chosen f o r  t h i s  comparison inc luded on ly  
those w i th  the  HPA i n  the  l i n e a r  operat ing reg lon  i n  order t o  remove the 
non l i nea r  d i s t o r t i o n s  f rom the  system. The on ly  d i s t o r t i o n  inc luded i n  t h e  
CHSP model was the  group delay d i s t o r t i o n .  
chosen t o  g i v e  a v a r i e t y  o f  group delay responses. 

The ten system c o n f i g u r a t i o n s  were 

The group delay d i s t o r t i o n s  as measured f o r  the system and i n p u t  t o  the 
CMSP a r e  shown i n  f i g u r e  24. 
p r e d i c t e d  and measured BER curves f o r  each con f igu ra t i on .  

A lso p l o t t e d  i n  f i g u r e  24 a re  t h e  corresponding 

For s i x  o f  t he  ten  cases tested,  t h e  d i f f e r e n c e  between the  p red ic ted  and 
measured BER curves ( a t  BER = 5x10-7) was less  than 0.65 dB, which i s  a 
reasonably good p r e d i c t i o n .  For t h e  other  f o u r  cases, t h e  d i f f e r e n c e  ranged 
from 1.5 t o  3.7 dB. Three o f  t he  four l a r g e  d i f f e r e n c e s  occurred f o r  f r e -  
quency band C, where the  group delay v a r i a t i o n  i s  g rea te r  than f o r  t h e  o the r  
t w o  bands. I n  add i t i on ,  band C has been observed t o  c o n t a i n  l a r g e  ampl i tude 
v a r i a t i o n s  which, w h i l e  n o t  inc luded i n  the  CHSP models, undoubtedly c o n t r i b u t e  
t o  the  measured BER degradat ion and thus account f o r  some o f  t h e  d i f f e r e n c e  
between the  measured and p r e d i c t e d  curves. For band A ( w i t h  the TWTA i n  the 
h lgh  mode) a l a r g e  amount o f  no i se  present i n  the channel may account f o r  the 
d i f f e r e n c e  between measured and p red ic ted  r e s u l t s .  

Overa l l ,  f o r  channels which do not c o n t a i n  any l a r g e  t ransmiss lon d i s t o r -  
t i o n s ,  t he  CHSP model g ives reasonably good p red ic ted  r e s u l t s  based upon the 
group delay d i s t o r t i o n  present.  

8.0 CONCLUSIONS 

The group delay response o f  a d i g i t a l  s a t e l l i t e  communication channel has 
a s i g n i f i c a n t  e f f e c t  on the t ransmission q u a l i t y  o f  t he  channel as measured by 
the  b i t  e r r o r  r a t e .  By employing an ampl i tude modulat ion technique, group 
delay measurements were made on the S I T €  s a t e l l i t e  communication system 
s imu la to r  f o r  a number o f  system con f igu ra t i ons  and opera t i ng  p o i n t s .  These 
measurements have shown t h a t  a s a t e l l i t e  channel, exc lud ing the propagat lon 
e f f e c t s ,  may have group delay v a r i a t i o n s  ranging from 1 t o  20 nsec (peak-to- 
peak), w i t h  an average measured v a r i a t i o n  o f  4.72 nsec. 
ured inc luded l i n e a r  and pa rabo l i c  components, spikes, and r i p p l e s ,  and var ious 
combinations o f  these shapes. 
induces no t ransmiss ion degradation, these v a r i a t i o n s  represent  p o t e n t i a l  d i s -  
t o r t i o n  t o  the  channel. 

The v a r i a t i o n s  meas- 

Since a constant  ( f l a t )  group delay response 

The e f f e c t  o f  the group delay d i s t o r t i o n  on an d i g i t a l  s a t e l l i t e  channel 
employing s e r i a l  minimum-shi f t  keyed modulat ion has been stud ied.  Such a 
channel, ope ra t l ng  a t  a data r a t e  o f  220 Mbps ( w i t h  a channel bandwidth o f  
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330 MHz), has been simulated i n  software (us ing  the Channel Model S imu la t i on  
Program) and i n  hardware (us ing  the  S I T E  s a t e l l i t e  comnunlcation system slmu- 
l a t o r ) .  

The software s imulat ions have i n d i c a t e d  t h a t  t he  amount o f  degradat ion t o  
the  system BER i s  dependent upon t h e  type o f  group delay v a r i a t i o n ,  t he  sever- 
i t y  o f  t he  v a r i a t i o n ,  and, i n  p a r t i c u l a r ,  t he  l o c a t i o n  ( i n  f requency) o f  t h e  
v a r i a t i o n  w i th  respect t o  the SMSK spectrum. Near the  band edges, a v a r i a t i o n  
o f  up t o  12 nsec can be t o l e r a t e d  w i th  l ess  than 1 dB o f  a d d i t i o n a l  
requ i red  t o  mainta in  a BER o f  5x10-7. 
i n d i c a t e s  t h a t  an SMSK channel may n o t  r e q u i r e . e q u a l i z a t i o n  f o r  channel band- 
pass f i l t e r s  which con ta in  a p a r a b o l i c  group delay response. Near the  center  
o f  the band, however, a group delay v a r i a t i o n  o f  4 nsec may cause over 8 dB of 
degradation. Areas p a r t i c u l a r l y  s e n s i t i v e  t o  group delay v a r i a t i o n  a r e  the  
f requencies located a t  p l u s  o r  minus one- four th  t imes the  b i t  r a t e  f rom t h e  
center frequency. These frequencies correspond t o  the  instantaneous modulator 
outputs occurr ing when e i t h e r  constant o r  a l t e r n a t i n g  b i t s  ( a l l  1 ' s  o r  0'5, o r  
a 1-0-1-0 ... sequence) a r e  i n p u t  t o  the  modulator. The measured BER r e s u l t s  
discussed below i n d i c a t e  t h a t  as group delay v a r i a t i o n s  I n  a channel increase, 
o the r  t ransmission impairments a l s o  increase and f u r t h e r  degrade the channel 's  
performance. Thus, i n  a r e a l  system, the  t o l e r a b l e  group delay v a r i a t i o n s ,  
when coupled w i t h  other  expected system impairments, w i l l  be somewhat lower 
than these s imulat ions i n d i c a t e  

Eb/No 
This r e s u l t  i s  s i g n i f i c a n t ,  s ince  i t  

The hardware s imulat ions consis ted o f  BER versus Eb/No measurements 

Eb/No a t  a BER o f  5x10-7 was compared t o  the measured group delay 
made on the S I T E  s a t e l l i t e  communication system s imu la to r .  
t he  
v a r i a t i o n  f o r  54 systems con f igu ra t i ons .  The group delay v a r i a t i o n  parameter 
(peak-to-peak v a r i a t i o n  across the  band) does n o t  y i e l d  the d e t a i l s  o f  t he  
p a r t i c u l a r  v a r i a t i o n ,  such as the type o r  frequency l o c a t i o n  o f  t h e  v a r i a t i o n .  
I n  a d d i t i o n ,  the S ITE s imulator  conta ins a number o f  o the r  t ransmlss ion impa i r -  
ments, such as ampli tude v a r i a t i o n ,  n o n l i n e a r i t i e s ,  and AM/PM conversion. 
However the comparison i n d i c a t e d  a c l e a r  r e l a t i o n s h i p  between the amount o f  
measured group delay v a r i a t i o n  and the measured Eb/No degradat ion.  A 
s t r a i g h t  l i n e  f i t  t o  the  data showed t h a t  the a d d i t i o n a l  Eb/No degradat ion 
( i n  de) r e s u l t l n g  f r o m  group delay v a r i a t i o n  was equal t o  0.341 t i m e s  the var-  
i a t i o n  i n  nsec. The d e v i a t i o n  f rom t h i s  s t r a i g h t  l i n e  increased w i t h  the  group 
delay v a r i a t i o n ,  i n d i c a t i n g  t h a t  the e f f e c t  o f  o the r  t ransmiss ion impairments 
increases as the group delay v a r i a t i o n  increases. 

The degradat ion o f  

The BER performance o f  10 S I 1 E  s imulator  c o n f i g u r a t i o n s  was p r e d i c t e d  by 
t h e  CMSP, based on ly  on the measured group delay response. Comparing these 
p r e d i c t i o n s  w i t h  the  measured BER versus 
p r e d i c t i o n  can be made by the CMSP f o r  channels w i t h  r e l a t i v e l y  low group delay 
d i s t o r t i o n s  ( 3  nsec o r  l e s s ) .  As i n d i c a t e d  by t h e  54 BER measurements d i s -  
cussed above, other t ransmission d i s t o r t i o n s  become s i g n i f i c a n t  i n  channels 
w i t h  l a r g e  group delay v a r i a t i o n s .  This e f f e c t  should be taken i n t o  account 
when consider ing the  r e s u l t s  o f  t he  CMSP s imulat ions.  

Eb/No curves shows t h a t  a good 
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APPENDICES 

A . l  GROUP DELAY MEASUREMENT TECHNIQUE AND ACCURACY CONSIDERATION 

The d e r i v a t i o n  of the mathematical formula f o r  group delay measurement, 
us ing  t h e  technique descr ibed i n  t h i s  repo r t ,  i s  g iven i n  re ference 8. It i s  
repeated here w i t h  some d e t a i l s  added, and w i t h  a d d i t i o n a l  comments on the  
e f f e c t s  o f  c a r r i e r  phase noise.  

The ampl i tude modulated t e s t  s ignal  a t  t h e  system i n p u t  i s  

e,(t)  = E 1 ( l  t M s i n  W,t) s i n  Wet) = E, s i n  W c t  

+ (f) El C O S  Wc - W, t - (!)) El C O S  Wc t W m t  

where 

M modulat ion index 
W,,, modulat ion frequency 
Wc c a r r i e r  frequency 

Assuming a constant group delay (Td) f rom (W, - Wm) t o  (W, t Wm) (See 
f i g .  a), t he  s i g n a l  a t  the system output i s  

The equat ion can be rearranged a s  f o l l o w s .  

e 2 ( t )  = E2 s i n  Wc(t + Td) t (t) E2 cos  p c ( t  Td) - Wm(t Td)] 

- (!) E2 COS kc(t t Td) t W,(t t id)] 

e 2 ( t )  = E2  [1 t M s i n  W,(t + Td)] s i n  W c ( t  + Td) 

[ 1 

(A31 

(A41 

e,(t) = E2 1 t M s i n  (W,t t WmTd) s i n  (Wct t W C T d )  (A51 

The second t e r m  i n  parentheses i n  Equation ( A S ) ,  (Wet t weld), represents 
the  c a r r i e r  phase, w i th  WcTd 
phase due t o  group delay.  
represents the phase o f  t he  modulat ion envelope, w i t h  WmTd represent ing the 
p a r t  due t o  the  group delay (Td). 
t he  phase s h i f t  o f  the modulat ion envelope from system i n p u t  t o  system output  i s  

represent ing the  p a r t  o f  t he  c a r r i e r  output  
The f i r s t  term i n  parentheses, (Wmt + Wmtd), 

Comparing equat ion ( A I )  w i t h  equat ion ( A S ) ,  

13 



(Wmt t WmTd) - Wmt = 'mTd 

It is this quantity, WmTd, that can be easily measured using the measure- 
ment system shown in figure 9. If the envelope phase shift is Qe, then the 
group delay can be calculated as 

'e 'e ~ 

T d = % -  (360" x fm) 

where fm is the modulation frequency i n  Hz. 

The group delay units are seconds. 
phase shift measured in degrees corresponds to group delay measured in 
nanoseconds. 

For fm = 2.778 MHz, the envelope 

Equation (A2) show that the group delay (Td) measured is actually the 
average of the group delay at (Wc - W,,,) and (Wc t Wm). This is the measurement 
"window" discussed in section 4.1, and is equal to (Wc t Wm) - (Wc - Wm) = 2Wm. 

ACCURACY CONSIDERATION 

Several factors contribute to measurement uncertainties I n  the group delay measure- 
ment system shown in figure 9. 
inaccuracy, mismatch errors, and phase meter inaccuracy. 
their effect on the overall measurement system accuracy, are discussed below. 

The major ones are phase noise, modulation frequency 
These sources of error, and 

Several sources of phase noise exist in the measurement system which can affect the 
accuracy of the measurement. 
under test. The SITE single channel transponder's local oscillators are specified as 
low phase noise devices, and spectral analysis indicates that the phase noise specifica- 
tions are being met. 

The first source, which cannot be controlled, is the system 

No quantitative phase noise measurements are available. 

The second source of  phase noise is the modulation source. Thls noise does not 
affect the measurement since the noise i s  identical in the test channel and reference 
channels and is thus canceled in the phase meter measurement. 

The third, and most significant, source of phase noise is from the CW signal source. 
If phase noise, Qn, is added to the carrier signal in equation (Al), the result is 

e,(t) = El (1 t M sin Wmt) sin (Wet + Q,) = El sin (Wet + 9,) 

(A8) 
+ (5) El COS (Wc - Wm + p)t t 5 M El COS (Wc t Wm t (>It 

Carrying the phase noise term through the previous derivation (eqs. (Al) 

sin Wc(t + Td) (A9) 
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The measured envelope phase s h i f t  becomes 

which now conta ins the  phase noise term. As before,  no q u a n t i t a t i v e  measure- 
ment o f  t he  CW source phase noise i s  a v a i l a b l e .  However, the e f f e c t  o f  t h i s  
no i se  on the measurement accuracy i s  lessened i n  the  f o l l o w i n g  ways. Choosing 
a synthesized s i g n a l  source w i l l  p rov ide the  lowest a v a i l a b l e  phase noise.  
l h e  synthes izer  chosen, Hewlett-Packard Model 8672A, has single-sideband phase 
no ise  o f  -78  dBc a t  1 kHz f o r  the frequencies being used ( r e f .  6), which I s  
lower than any o the r  a v a i l a b l e  source. I n  a d d i t i o n ,  the computer c o n t r o l  o f  
t he  measurement a l lows m u l t i p l e  measurements t o  be made f o r  a s i n g l e  t e s t  
p o i n t ,  t he  r e s u l t s  o f  which can be averaged t o  improve accuracy. Balancing 
the  e x t r a  t ime requ i red  f o r  m u l t i p l e  measurements aga ins t  the improvement i n  
accuracy, 20 measurements a re  made for each p o i n t  du r ing  a t y p i c a l  group delay 
measurement. This r e s u l t s  i n  an Increase o f  t h e  e f f e c t i v e  s i g n a l - t o - n o i s e  
r a t i o  o f  13 dB ( r e f s .  9 and 10) .  These two techniques p rov ide  a measurement 
r e p e a t a b i l i t y  t o  w i t h l n  k0.5 nsec. 

The o the r  th ree  sources o f  group delay measurement Uncer ta in t y  a r e  more 
e a s i l y  q u a n t i f i e d .  
From equat ion (A7) the group delay measurement u n c e r t a i n t y  r e s u l t i n g  f rom mod- 
u l a t i o n  frequency inaccuracy i s  0.0000375 percent  per Hz o f  frequency e r r o r .  
I n  ope ra t i ng  the group delay measurement setup, t he  modulat ion frequency i s  
checked p e r i o d i c a l l y  w i t h  a frequency counter ( E I P  Microwave, Inc., Model 548). 
The s p e c i f i e d  maximum frequency e r r o r  o f  t h i s  counter ( r e f .  7 )  i s  t6.67 Hz, 
l ead ing  t o  a maximum group delay unce r ta in t y  o f  0.00025 percent,  which i s  
n e g l i g i b l e .  

The f i r s t  o f  these i s  modulat ion frequency inaccuracy.  

The mismatch e r r o r s  which occur a t  the p o i n t  o f  envelope d e t e c t i o n  w i l l  
cause measurement unce r ta in t y .  S p e c i f i c a l l y ,  t h e  mismatch d i f f e r e n c e s  between 
c a l i b r a t i o n  and measurement can cause phase e r r o r s  o f  several  degrees 
( r e f .  11 ) .  To keep these e r r o r s  a t  a minimum, an i s o l a t o r  has been added t o  
the envelope de tec to r .  Automatic network analyzer measurements i n d i c a t e  t h a t  
the maximum output  vo l tage  s tand ing -wave- ra t i o  (VSWR) of  these i s o l a t o r s  I s  
1 .2  t o  1. A s i m i l a r  match i s  obtained a t  t he  system output,  s ince i d e n t i c a l  
i s o l a t o r s  e x i s t  there.  The modulator 's VSWR has been measured a t  1.2 t o  1. 
l hus ,  the phase e r r o r  l i m i t  I s  obtained by adding the  mismatch e r r o r  d u r i n g  
c a l i b r a t i o n  t o  the mismatch e r r o r  dur ing measurement. l hese  e r r o r s  a r e  e a s i l y  
obtained from a mismatch e r r o r  l i m i t s  c a l c u l a t o r  ( r e f .  11) .  They a r e  k0.48" 
f o r  c a l i b r a t i o n  and 50.48" f o r  measurement, l ead ing  t o  an o v e r a l l  measurement 
u n c e r t a i n t y  o f  +_0.96", equal t o  0.96 nsec. 

l h e  f i n a l  major source o f  measurement u n c e r t a i n t y  t o  be discussed i s  phase 
m e t e r  i ns t rumen ta t i on  e r r o r .  This unce r ta in t y  i s  e a s i l y  obtained f rom the 
manufacturer 's s p e c i f i c a t i o n s .  For a s i n g l e  frequency measurement, t h e  phase 
accuracy I s  g iven as 51.5" ( r e f .  5 ) .  

The o v e r a l l  measurement Uncertainty,  i n c l u d i n g  a l l  o f  t he  q u a n t i f i a b l e  
u n c e r t a i n t i e s  discussed above, i s  approximately k2.5 nsec. Comparisons o f  
measurements made on a bandpass f i l t e r  us ing  the  group delay measurement system 
w i t h  measurements made on the same f i l t e r  w i t h  an automat ic network analyzer  
show agreement t o  w i t h i n  0.52 nsec i n  t h e  passband. 
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I t  should be po in ted  out  t h a t  t he  2.5 nsec u n c e r t a i n t y  genera l l y  holds 
across t h e  e n t i r e  measurement passband. When repea t ing  measurements, i t  i s  
found t h a t  t h e  e n t i r e  s e t  of data p o i n t s  w i l l  s h i f t  by a few nanoseconds, w h i l e  
t h e  shape o f  the curve (as measured by the  l a r g e s t  peak-to-peak v a r i a t i o n  
across t h e  measurement passband) i s  constant t o  w i t h i n  k0.5 nsec i n  approx i -  
mately 90 percent o f  t he  cases observed. I t  i s  the  group delay v a r i a t i o n  which 
i s  o f  g rea te r  importance, s ince a constant ( f l a t )  group delay,  which in t roduces 
no a d d i t i o n a l  d i s t o r t i o n ,  can be added t o  any s e t  o f  data w i t h o u t  e f f e c t .  
Therefore, t h e  +0.5 nsec u n c e r t a i n t y  f i g u r e ,  i s  a b e t t e r  f i g u r e  o f  m e r i t  f o r  
the group delay measurement system. 

A.2 CMSP I N P U l  DATA SET CONSTRUCTION 

I n  t h i s  appendix, a b r i e f  d e s c r i p t i o n  on ,the CMSP i n p u t  data s e t  con- 
s t r u c t i o n  used for the  group delay d i s t o r t i o n  s i m u l a t i o n  i s  g iven. 

F igure 1 4  shows a t y p i c a l  i n p u t  data set ,  c o n s i s t i n g  o f  23 l i n e s .  The 
t i t l e  l i n e ,  t r a n s m i t t e r  l i n e ,  rece ive r  l i n e ,  f i l t e r  l i n e ,  and f i l t e r  s p e c i f i -  
c a t i o n  l i n e s  a re  requ i red  f o r  the s imu la t i on  and a r e  descr ibed below. 

The t i t l e  l i n e  (beginning w i t h  T I l L )  i d e n t i f i e s  the  i n p u t  data set .  

The t r a n s m i t t e r  l i n e  (beginning w i t h  XMTR) de f i nes  several  o f  t he  simula- 
t i o n  parameters. SMSK i n d i c a t e s  the  use o f  s e r i a l  minimum-shift-keyed modula- 
t i o n .  The second parameter, 220, i n d i c a t e s  t h e  data r a t e  i n  symbols per sec. 
Note t h a t  220 i s  used ins tead  o f  220x10-6, t o  a l l o w  reasonable execut ion 
t ime f o r  the s imulat ion.  This i s  a l l owab le  s ince a l l  o the r  s imu la t i on  para-- 
meters have been s i m i l a r l y  scaled. The t h i r d  parameter i s  t he  frequency o f f s e t  
o f  t he  c a r r i e r  frequency from the center  o f  t h e  s i m u l a t i o n  bandwidth, chosen 
t o  be 0.0. The f o u r t h  parameter i s  t he  number o f  samples per  channel symbol, 
chosen t o  be 20. The f i f t h  parameter i s  the number o f  symbols t ransmi t ted  
d u r i n g  the random data mode o f  the s imulat ion,  1000. These l a s t  two parameters 
d e f i n e  the p r e c i s i o n  achieved f o r  a g iven s imu la t i on ,  and must be balanced 
aga ins t  execut ion t i m e .  The f i n a l  parameter s p e c i f i e d  g ives the frequency i n  
t ransmiss ion symbols o f  the p r i n t i n g  o f  d e t e c t i o n  and t r a c k i n g  s t a t i s t i c s .  

The rece ive r  l i n e  s p e c i f i e s  the  f o l l o w i n g  parameters. The f i r s t  t h ree  
parameters, (1, 0.05, and 0.001) spec i f y  phase l o c k  loop parameters, and the  
f o l l o w i n g  th ree  parameters (1, 0.4, and 0.001) s p e c i f y  the symbol t i m i n g  loop. 
Standard recommended values have been chosen which approximate the opera t i on  
o f  t he  modulators and demodulators developed f o r  NASA. The next  parameter 
de f i nes  the detector  type as a matched f i l t e r  f i l t e r - a n d - s a m p l e  de tec to r .  The 
f o l l o w i n g  parameter, 1.5, def ines the bandwidth o f  t he  matched f i l t e r  as 1.5 
t imes the  symbol pe r iod  (which corresponds t o  the  300 MHz channel bandwidth 
f o r  a 220 Mbps data r a t e ) .  The f i n a l  parameter i s  the rece ive r  phase o f f s e t ,  
which va r ies  between s imulat ions.  

The f i l t e r  card (beginn ing w i t h  FLT) f i r s t  s p e c i f i e s  the  f i l t e r  being 
used. I n  t h i s  case, i t  i s  f i l t e r  7 ( i n  f i g .  11) located a f t e r  the s a t e l l i t e  
downl ink.  l h e  second parameter i s  the r a t i o  o f  f i l t e r  bandwidth t o  i n f o r m a t i o n  
ra te ,  chosen t o  be 1.8. This s p e c i f i e s  a wider f i l t e r  than was s p e c i f i e d  i n  
the  rece ive r ,  so t h a t  a completely f l a t  channel ampl i tude response can be 
s p e c i f i e d  (no 3 dB r o l l o f f  occurs i n  the 330 MHz bandwidth). The t h i r d  para- 
meter, s p e c i f i e s  the f i l t e r  center frequency w i t h i n  the s imu la t i on  bandwidth, 
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which i s  0.0. 
s p e c l f i c a t i o n s  I n  u n i t s  of f i l t e r  3 dB bandwldths. 
samples. The center  11 samples comprise t h e  330 MHz band, the  nex t  sample on 
e i t h e r  s ide  g ives  t h e  3 dB p o i n t  of the f i l t e r ,  and t h e  f i n a l  th ree  samples on 
e i t h e r  s ide  g i v e  t h e  r o l l o f f  t o  t h e  20 dB p o i n t .  
i s  c a l c u l a t e d  t o  be 1.5. The f i f t h  parameter s imply de le tes  a phase response 
o p t i o n  n o t  needed f o r  t h e  s imu la t ion .  The s i x t h  parameter g ives t h e  range o f  
frequency response samples i n  terms o f  da ta  ra te ,  which i s  ca l cu la ted  t o  be 
2.7. The nex t  parameter i s  t he  number o f  f i l t e r  samples, 19. The f i n a l  para- 
meter i s  a c i r c u l a r  phase s h i f t  fac to r ,  which superimposes a l i n e a r  phase s h i f t  
on the  s p e c i f i e d  phase p o i n t s  t o  ensure a causal f i l t e r .  A f t e r  t r a i l  and 
e r r o r ,  t h i s  parameter was determined t o  be 0.5. 

The f o u r t h  parameter i s  used t o ' s p e c i f y  t h e  range o f  f i l t e r  
The f i l t e r  has 19 frequency 

Thus, t h e  f o u r t h  parameter 

The f i n a l  19 i n p u t  data l i n e s  (beginning w i th  SPEC) g i v e  the  f i l t e r  sam- 
p l e d  frequency response. Each card contains two parameters. The f i r s t  i s  t he  
ampl i tude response ( i n  normal ized vol tage, w i t h  1.0 i n d i c a t e  zero l o s s ) .  The 
second i s  the  phase response, ca lcu la ted  from the  des i red  group delay response, 
i n  rad ians.  
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TABLE I. RESULTS OF S I T E  SATELLITE COMMUNICAlIONS SYSTEM 

SIMULATOR GROUP DELAY MEASUREMENTS 

Low 

Power 
Hodea 

N /A 
- 

~ 

N/A 

- 
N/A 

S a t u r a t i o n  

~- 

Operat ing  
p o i n t  

A 
A 
B 
B 
C 
C 

A 

Power 
amp1 i f i e r  

~ ~~~~~ 

4.3 
5.3 
6.3 
3.5 
5.5 
6.5 

3.6 

Frequency 
bandb 

Low 

M a t r i x  sw i t ch  
c r o s s p o i n t c  

1 db compression 
p o i n t  

I Group d e l a  
v a r i a t i o n  

Low 

Sat  u r a t  1 on 

L inea r  r e g i o n  

4.3 
5.3 
6.3 
3.5 
5.5 
6.5 

2.98 
1.92 
1.37 
1.59 
9.07 
10.30 

GaAsFET 

GaAsFET 3.6 

4.6 
6.6 
3.7 
4.7 
5.7 

5.46 

5.27 
9.57 
10.07 
20.86 
14.76 

1 dB compression 
p o i n t  

GaAsFET L inea r  r e g i o n  3.3 
4.5 
5.6 
6.7 
7.6 
3.3 

1.76 
1.59 
3.78 
1.71 

11.59 
5.24 

6.60 
5.31 

Mean group d e l a y  v a r i a t i o n ,  GaAsFET 
Standard d e v i a t i o n ,  GaAsFET 

TWTA 6.19 
6.95 
3.89 
4.34 
11.79 
11.52 

TWTA 2.31 

2.34 
1.95 
2.15 
3.62 
4.04 

4.6 
6.6 
3.1 
4.7 
5.7 

TWTA 4.5 
5.6 
6.7 
7.6 
3.3 
4.5 

1.64 
1.55 
1.66 
1.24 
4.02 
9.97 

4.51 
3.33 

Mean group de lay  v a r i a t i o n ,  TWTA low mode 
Standard d e v i a t t o n ,  TWTA low mode 

aThe TWTA opera tes  i n  one o f  t h ree  power modes, w i t h  o u t p u t  power 

bFrequency bands a r e  as shown I n  f i g u r e  6. 
CThe c r o s s p o i n t  numbers i n d i c a t e  t h e  connected m a t r i x  s w i t c h  i n p u t  

dThe maximum peak-to-peak group d e l a y  d e v i a t i o n ,  i n  nsec. 

v a r y i n g  f rom 5 t o  35 W. 

and o u t p u t  p o r t s ,  r e s p e c t i v e l y .  
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TABLE I .  - Concluded. 

TWTA 

TWTA 

High  

6.5 

H lgh  

A 
B 
B 
C 
C 

4.6 
6.6 
3.7 
4.7 
5.7 

O p e r a t i  ng 
p o i n t  

Frequency 
bandb 

M a t r i x  s w i t c h  
c r o s s p o i  n t c  

Group de lay  
va r  i a  t i o n d  

2.59 
2.20 
2.25 
1.86 
3.56 
2.94 

1.74 

1.77 
2.72 
2.86 
8.10 
6.65 

S a t u r a t i o n  4.3 
5.3 
6.3 
3.5 
5 .5  
6.5 

Med i um 

1 dB compresslon 
p o i n t  

3.6 

4.6 
6.6 
3.7 
4.7 
5.7 

L i n e a r  r e g i o n  1.90 
1.60 
1.62 
1.59 
9.14 
6.61 

5.6 
6.7 
7.6 
3.3 
4.5 
5.6 

3.42 
2.35 

S a t u r a t i o n  6.11 
5.65 
4.72 
5.02 
3.65 
4.10 

1 dB compression 
p o i n t  

3.6 A I  4.15 

3.98 
2.71 
2.74 
5.17 
4.62 

L i n e a r  r e g i o n  6.7 
7.6 
3.3 
4.5 
5.6 
6.7 

1 .85 
2.24 
2.32 
2.22 
4.02 
9.97 

3.78 
1.23 

Mean group d e l a y  v a r i a t i o n ,  TWTA h i g h  mode 
Standard d e v i a t i o n ,  TWTA h i g h  mode 

Mean group de lay  v a r i a t i o n ,  a l l  cases 
Standard d e v i a t i o n ,  a l l  cases 

4.72 
3.70 

aThe TWTA opera tes  I n  one of  t h r e e  power modes, w i t h  o u t p u t  Power 

bFrequency bands a r e  as shown i n  f i g u r e  6. 
CThe c r o s s p o i n t  numbers i n d i c a t e  t h e  connected m a t r i x  swl t c h  i n p u t  

dThe rnaxlmum peak-to-peak group d e v i a t i o n .  i n  nsec. 

va ry ing  f rom 5 t o  35 W. 

and o u t p u t  p o r t s ,  r e s p e c t i v e l y .  



TABLE 11. RESULTS OF SITE SATELLITE COMMUNICATIONS SYSTEM 

Opera t i ng  
p o i n t  

Sa t u r a  t i on 

1 dB compression 
p o i n t  

L inea r  r e g i o n  

Frequency M a t r i x  s w i t c h  Eb/No a t  

A 4 .3 0.80 
A 5.3 1 .oo 
B 6.3 .80 
B 3.5 .98 
C 5 .5  2.43 
C 6.5 3.57 

A 3.6 1.26 

A 4.6 1.32 
6 6.6 .79 
B 3.7 .95 
C 4.7 3.49 
C 5.7 3.73 

A 4.5 .94 
A 5.6 1 .58  
B 6.7 1.30 
B 7.6 1.46 
C 3.3 5.70 
C 4.5 5.01 

bandb c r o s s p o i n t c  BER = 5x10-7 ' 

Mean Eb/No degradat ion ,  TWTA low  mode 
Standard  d e v i a t l o n ,  TWTA low  mode 

2.06 
1 .51 
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Power 
a m p l i f i e r  

TWTA 

TWTA 

TWTA 

Power 
Modea 

Low 

Low 

Low 

TWTA 

TWTA 

TWTA 

Medium S a t u r a t i o n  A 4.3 1.08 
A 5.3 1 .15 
B 6.3 .B5 
B 3.5 -87 
C 5.5 2.10 
C 6.5 3.13 

Medium 1 dB compresslon A 3.6 1.59 

A 4.6 1.87 
B 6.6 .97 
B 3.1 1.26 
C 4.7 5.09 
C 5.7 5.70 

Low L i n e a r  r e g i o n  A 5.6 3.67 
A 6.7 2.07 
B 7.6 1.76 
B 3.3 2.10 
C 4.5 6.40 
C 5.6 7.15 

p o l  n t  

Mean Eb/No degradat ion ,  TWTA medium mode 
Standard d e v l a t l o n ,  TWTA medium mode 

2.72 
1.98 



TABLE 11. - Concluded. 

Power 
a m p l i f i e r  

TWTA 

TWTA 

TWTA 

Power 
Modea 

H igh  

H igh  

H igh  

Opera t ing  
p o i n t  

~ ~ 

S a t u r a t i o n  

1 dB compression 
p o i n t  

Frequency 
bandb 

L i n e a r  r e g i o n  

B 
C 
C 

M a t r i x  s w i t c h  
c r o s s p o i n t c  

4.3 
5.3 
6.3 
3.5 
5.5 
6.5 

3.6 

4.6 
6.6 
3.7 
4.7 
5.7 

6.7 
7.6 
3.3 
4.5 
5.6 
6.7 

Mean Eb/No degradat ion ,  TWTA h i g h  mode 
Standard d e v i a t i o n ,  TWTA h i g h  mode 

Mean Eb/No degradat ion ,  a l l  cases 
Standard d e v i a t i o n ,  a l l  cases 

- 
2.59 
2.20 
2.25 
1 .86  
3.56 
2.94 

1.74 

1.77 
2.72 
2.86 
8.10 
6.65 

2.19 
3.41 
1.80 
2.31 
1.36 
2.15 

- 
2.71 
1.21 

2.50 
1.63 

aThe TWTA opera tes  i n  one o f  t h r e e  power modes, w i t h  o u t p u t  power 

bFrequency bands a r e  as shown I n  f i g u r e  6. 
CThe c rosspo in t  numbers i n d i c a t e  t h e  connected m a t r i x  s w i t c h  i n p u t  

dThe a d d i t i o n a l  

va ry ing  f rom 5 t o  35 W. 

and ou tpu t  p o r t s ,  r e s p e c t i v e l y .  

5x10-7 as measured f rom t h e  t h e o r e t i c a l  SMSK curve .  
Eb/No r e q u i r e d  t o  m a i n t a i n  a b i t  e r r o r  r a t e  o f  
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FIGURE 1. - PARALLEL MSK IWLEENTATION ( F R M  REF. 13). 

0 

-10 

a U 

-20 

B 
n 

-30 

-40 

-50 
0 1 2 3 4 

BANDWIDTH/BIT RATE 

FIGURE 2. - FRACTIONAL OUT-OF-BAND P W R  
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FIGURE 3.  - SERIAL HSK IWLEENTATION (FROM REF. 13).  
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FIGURE 5. - SITE SATELLITE COMMUNICATION SYSTEM SIMULATOR. 
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FIGURE 7.  - DEFINITION OF GROUP DELAY. 
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FIGURE 8. - DEFINITION OF THE GROUP DELAY EASUREHENT WINDOW. 
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MEASURED GROUP DELAY POINTS 

1. CALCULATE PHASE SHIFT 
OVER MEASURERNT INTERVAL 
FRWl PHASE SLOPE (GROUP 
MLAY)  RASUREMENT 

/ 

I MEASUREMENT 
I INTERVAL I 

FREQUENCY 

0 2. ADD 1/2 OF ADJACENT 
PHASE SHIFTS; ADD TO 
PREVIOUS PHASE POINT 

CALCULATED PHASE POINTS 

FIGURE 13. - INTEGRATION OF GROUP DELAY TO OBTAIN PHASE REPONSE. 

T I T L  GROUP DELAY S E T  2 48 - BAND 4 - NED NODE - XPT 3-3 
XMTR SMSK 2 2 0  0 . 0  2 0  1 0 0 0  1 0 0  
RCVR 1 0 .5  . 0 0 1  1 0 . 4  . 0 0 1  2 1 . 5  0 . 3 6  
t L T 7  1.8 0 . 0  1 . 5  0 2 . 7  1 9  

0 . 0  
- 0 . 0 2 1  

S P E C  0 . 5 0 1 2  
S P E C  0 . 7 0 7 1  
S P E C  1 . 0  
S P E C  1 . 0  
SPEC 1 . 0  
S P E C  1 . 0  
SPEC 1 . 0  
SPEC 1 . 0  
SPEC 1 . 0  
SPEC 1 . 0  
SPEC 1 . 0  
SPEC 1 . 0  
S P E C  1 . 0  
SPEC 0 . 7 0 7 1  
SPEC 0 . 5 0 1 2  
S P E C  0 . 3 1 6 2  
S P E C  0 . 1  

FIGURE 14.  - 

- 0 . 0 4 1  
- 0 . 0 6 2  
-0 .083  
- 0 . 0 9 3  
- 0 . 1 0 4  
- 0 . 2 1 8  
- 0 . 4 5 6  
- 0 . 7 0 5  
- 1 . 0 2 6  
- 1 . 3 8 9  
- 1 . 7 9 4  
- 2 . 3 4 8  
- 3 . 0 5 8  
- 3 . 8 6 7  
- 4 . 6 7 6  
- 5 . 4 8 4  
- 6 . 2 9 3  

TYPICAL CMSP INPUT DATA SET FOR GROUP DELAY DISTORTION SIMULATIONS. 

0 . 5  
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G R O U P  
EBNO 
1 . 0 0  
2 - 0 0  
3 . 0 0  
4 . 0 0  
5 . 0 0  
6 . 0 0  
7 . 0 0  
8 . 0 0  
9 . 0 0  

1 0 . 0 0  
1 1 . 0 0  
1 2 . 0 0  
1 3 . 0 0  
1 4 . 0 0  
1 5 . 0 0  
1 6 . 0 0  
1 7 . 0 0  
1 8 . 0 0  
1 9 . 0 0  
2 0 . 0 0  

DELAY SET 2 B Z I )  

0 . 5 6 2 8 E - 0 1  
0 . 3 7 5 1 E - 0 1  
0 . 2 2 8 8 E - 0 1  
0 . 1 2 5 0 E - 0 1  
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FIGURE 15. - TYPICAL CMSP OUTPUT BER VERSUS EB/No TABLE. 
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FIGURE 17. - Eb/NO DEGRADATION DUE TO FLAT GROUP DELAY FROM 
CMSP SIMULATIONS. 
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FIGURE 18. - Eb/No DEGRADATION DUE TO LINEAR SLOPE GROUP 
DELAY DISTORTION FROM CMSP SIMULATIONS. 
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FIGURE 16. - BER VERSUS Eb/No CURVES FOR POSITIVE SLOPE 
GROUP DELAY DISTORTION SIMULATION FROM CMSP. 
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FIGURE 19. - Eb/No DEGRADATION DUE TO PARABOLIC GROUP DE- 
MAXIMUM PARABOLIC GROUP DELAY I N  NSEC 

LAY DISTORTION FROn CMSP SIMULATIONS. 
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GROUP DELAY DISTORTION - CENTER SPIKE 

GROUP DELAY DISTORTION - SPIKE 
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FIGURE 20. - Eb/No DEGRADATION DUE TO A GROUP DELAY SPIKE 
LOCATED AT THE BAND CENTER FROM CMSP SIMULATIONS. 
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FIGURE 21. - Eb/No DEGRADATION DUE TO GROUP DELAY SPIKES 
AT VARIOUS OFFSETS FROM THE BAND CENTER FROM CMSP 
SIMULATIONS . 
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FIGURE 22. - Eb/No DEGRADATION DUE TO GROUP DELAY RIPPLE 
DISTORTION FROM CMSP SIMULATIONS. 
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FIGURE 23. - MEASURED Eb/NO DEGRADATION PLOTTED AGAINST 
MEASURED GROUP DELAY VARIATION. 
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FIGURE 24. - CONTINUED. 
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FIGURE 24. - CONTINUED. 
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(J) BAND 4 - HIGH NODE - Xpt 5-6. 
FIGURE 24. - CONCLUDED. 
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